The nucleus-localized C2 protein of Tomato yellow leaf curl virus-China (TYLCV-C) is an active suppressor of posttranscriptional gene silencing (PTGS). Consistently, infection with TYLCV-C resulted in PTGS arrest in plants. The C2 protein possesses a functional, arginine-rich nuclear localization signal within the basic amino acid-rich region 17 KVQHRIAKKTTRRRR 31 . When expressed from potato virus X, C2-RRRR 31 DVGG (in which the four consecutive arginine residues 28 RRRR 31 were replaced with DVGG) that had been tagged with a green fluorescent protein (GFP) failed to transport GFP into nuclei and was dysfunctional in inducing necrosis and suppressing PTGS in plants. Amino acid substitution mutants C2-K 17 D-GFP, C2-HR 21 DV-GFP, and C2-KK 25 DI-GFP localized to nuclei and produced necrosis, but only C2-K 17 D-GFP suppressed PTGS. The N-terminal portions C2 1-31 and C2 17-31 fused in frame to GFP were capable of targeting GFP to nuclei, but neither caused necrosis nor affected PTGS. Our data establish that nuclear localization is likely required for C2 protein to function in C2-mediated induction of necrosis and suppression of PTGS, which may follow diverse pathways in plants. Possible mechanisms of how the C2 protein involves these biological functions are discussed.
Posttranscriptional gene silencing (PTGS), RNA interference, and gene quelling represent a conserved cellular defense system for controlling foreign gene expression across the plant, animal, and fungal kingdoms (2, 6, 8, 17, 32, 42, 45) . These silencing systems involve double-stranded RNA (dsRNA) from which a 21-to 26-nucleotide (nt) short interfering RNA (siRNA) is derived by the action of an RNase III-like dicer, and they share a common molecular mechanism in which a target RNA is degraded in an RNA homology-dependent manner by an RNA-induced silencing multisubunit RNase complex under the guidance of siRNA (2, 3, (15) (16) (17) 32) . In plants, PTGS defends the host against virus infection, down-regulates transgene expression, and may also participate in the control of development (42, 45) . To counterattack, plant viruses have evolved the ability to encode proteins (i.e., PTGS suppressors) capable of suppressing PTGS by targeting various stages of the PTGS process, including initiation, propagation, and maintenance (6, 29, 30, 42, 45) . For example, the potyvirus protein HC-Pro affects PTGS maintenance by interfering with a step coincident with, or upstream of, the production of siRNAs (25, 27) . HC-Pro interacts with a calmodulin-related protein that can suppress PTGS in plants (1) . However, the p25 cell-to-cell movement protein of Potato virus X (PVX) and the 2b protein of Cucumber mosaic virus (CMV) preclude the spread of silencing signals (13, 43) . On the other hand, the viral PTGS suppressors are often found to be pathogenicity determinants, and their PTGS suppression activity is associated with pathogenicity determination (44) . It is worth noting that certain mutants of the CMV 2b protein have been reported to be functional in pathogenesis but dysfunctional in PTGS suppression and vice versa (26) .
Geminiviruses are a family of unique small circular singlestranded DNA (ssDNA) viruses that replicate via doublestranded (ds) DNA intermediates by a rolling circle mechanism in plant cell nuclei (18) . The transcriptional activator protein (TrAP, also known as AL2, AC2, or C2), one of the proteins encoded by bipartite and monopartite begomoviruses, is multifunctional. The C2 protein (134 amino acid residues) of Tomato yellow leaf curl virus-China (TYLCV-C), one of the monopartite ssDNA begomoviruses, acts as an effective PTGS suppressor when expressed from a PVX vector (39, 40) . This protein possesses an N-terminal basic domain, a C-terminal acidic domain, and an intervening core region. A novel zincfinger, C 36 -X1-C 38 -X7-C 46 -X6-H 53 , within the central core region was identified for the TYLCV-C C2 protein. The zinc finger domain is indispensable for the C2 protein to bind zinc and DNA and is essential for C2-mediated induction of necrosis and suppression of PTGS in planta (39, 41) . Interestingly, the zinc finger mutant C2 proteins, like the wild-type C2 protein, are localized but surprisingly aggregated in the nucleus, suggesting that the zinc finger provided essential structural stability to C2 protein (41) . In this study, we report that infection of TYLCV-C, and transient expression of the TYLCV-C C2 protein via agroinfiltration arrested PTGS in plants. We further characterized an arginine-rich nuclear localization signal (NLS) that was essential for targeting C2 protein to nuclei and demonstrated that nuclear localization was likely required for the C2 protein to induce necrosis and suppress PTGS. We have also identified C2 mutants that induced necrosis but were unable to suppress PTGS, indicating a separation of the effects of C2 on silencing and necrosis-mediated host response.
MATERIALS AND METHODS
Plasmid constructs. In order to identify the NLS, coding sequences for two truncated C2 proteins and four point mutants were fused in frame to the green fluorescent protein (GFP) coding sequence in the vector PVX/GFP (40) . The primers used for mutagenesis and the cloning strategy are shown in Tables 1 and  2 . Briefly, the sequence encoding the N-terminal 31 amino acids was PCR amplified with primers PP47 and PP115 and digested with ClaI and EagI prior to being cloned into the ClaI-EagI sites of PVX/GFP to produce PVX/C2 1-31 -GFP. The double-stranded oligonucleotide formed by annealing PP125 and PP126 was cloned into the ClaI-EagI sites of PVX/GFP to produce PVX/C2 17-31 -GFP. Sequences corresponding to the 5Ј and 3Ј regions of the C2 gene were PCR amplified with either PP47 and the appropriate noncoding strand primer or PP49 and the appropriate coding strand primer. PCR products corresponding to the two halves of the gene were digested with either ClaI or EagI, together with AatII, and were cloned into ClaI-EagI-digested PVX/GFP to produce the mutant C2-GFP fusion constructs described in Table 2 . The integrity of each construct was confirmed by nucleotide sequencing. PVX/C2-GFP was constructed as described previously (40) . Fragments encompassing C2 and mC2 coding sequences were excised from PVX/C2 and PVX/mC2 (40) , respectively, and cloned into a plant gene expression vector (12) under a tandem repeat of the 35S promoter and polyadenylation sequences to produce p35S-C2 and p35S-mC2. The C2 gene expression cassettes were then subcloned into pBINPLUS (38) to produce pBin35S-C2 and pBin35S-mC2, which were electrotransformed into Agrobacterium tumefaciens LBA4404 (20) . pBin1.3A and pBinTYLCV-C were constructed in A. tumefaciens LBA4404 as described previously (24, 46) .
Virus infection and gene expression in plants. PVX RNA transcripts were produced by in vitro transcription and mechanically inoculated onto Nicotiana benthamiana plants as described previously (7) . Plants were maintained in an insect-free growth room at 25°C with continuous lighting to give a 12-h photoperiod. Symptom development was photographically recorded with a Nikon Coolpix995 digital camera. To detect viral RNA accumulation, total RNAs were extracted from leaf tissues with an RNeasy plant mini kit (Qiagen) and assayed by Northern blot hybridization. RNA aliquots (5 g) were fractionated on a 1% formaldehyde agarose gel, transferred to nylon membrane, hybridized with digoxigenin (DIG)-labeled specific probes, and immunodetected with a DIG DNA labeling and detection kit (Roche). To investigate recombinant protein expression in plants, total protein was extracted from leaf tissues as described by Hong et al. (21) . Western blot analyses of protein aliquots (10 g) were performed with a polyclonal antiserum raised against PVX CP or GFP and detected with goat anti-rabbit immunoglobulin G conjugated with alkaline phosphatase (Sigma) and 5-bromo-4-chloro-3-indolylphosphate-nitroblue tetrazolium (BCIP/ NBT) substrates (Roche).
Plant tissue fixation, embedding, sectioning, and fluorescence microscopy. N. benthamiana leaves were collected, cut into 3-mm-wide strips, vacuum infiltrated, and fixed overnight in 4% paraformaldehyde-100 mM phosphate buffer (pH 7.0). Tissues were then infiltrated with 15% sucrose-100 mM phosphate buffer (pH 7.0), embedded in 5% low-melting-point agarose, and sectioned in a cryostat at Ϫ20°C (Bright Instruments OTS). Ten-micrometer sections were mounted in 50% glycerol containing 1 g of 4Ј, 6-diamidino-2-phenylindole dihydrochloride (DAPI) per ml and examined with a Zeiss Axiophot microscope equipped with a Nikon Coolpix995 digital camera. Fluorescence was observed with filters for GFP (excitation, 450 to 490 nm; long-pass emission, 520 nm) and DAPI (excitation, 365 nm; long-pass emission, 420 nm).
PTGS suppression assay. Seedlings of transgenic N. benthamiana line 16c carrying the GFP gene were infiltrated with A. tumefaciens strain C58C1 carrying a functional 35S-GFP expression cassette (4, 16) alone, or together with A. tumefaciens strain LBA4404 carrying pBin1.3A, pBinTYLCV-C, pBin35S-C2 or pBin35S-mC2 respectively. Alternatively, seedlings of transgenic N. benthamiana line 16c were mechanically inoculated with RNA transcripts produced by in vitro transcription from SpeI-linearized PVX/GFP, PVX/C2-GFP, PVX/C2 1-31 -GFP, PVX/C2 17-31 -GFP, PVX/C2-K 17 D-GFP, PVX/C2-HR 21 DV-GFP, PVX/C2-KK 25 DI-GFP, and PVX/C2-RRRR 31 DVGG-GFP. PTGS of GFP expression and PTGS suppression were routinely examined under long-wavelength UV light and photographically recorded with a Nikon Coolpix990 digital camera through a yellow filter. Leaf samples were taken for RNA extraction and Northern blot analysis as described above.
RESULTS

PVX-based expression vectors for production of C2-GFP fusion proteins in plants.
The TYLCV-C C2 protein localizes 
a Introduced restriction endonuclease sites are underlined, and modified nucleotides are lowercase. b Coding strand primers. The other primers are complementary to the coding strand. 
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in the nucleus (40) . However, an NLS has not yet been identified. The N-terminal regions (amino acids 1 to 31, especially 17 to 31) of the C2 protein are rich in basic amino acids and may contribute to its NLS. To identify the NLS and determine its biological significance, the aforementioned regions and four other C2 mutants with substitution of highly conserved basic amino acids among begomoviruses were made in frame fused to GFP (Tables 1 and 2 and Fig. 1 (Fig. 2) . It should be noted that the viral RNAs associated with PVX/C2 1-31 -GFP and PVX/ C2 17-31 -GFP infections, containing approximately 1/5 and 1/10 of the C2 sequence, respectively, hybridized only weakly to the full-length C2-specific probe ( Fig. 2A, lanes 4 and 5) . However, the amount of PVX coat protein expression associated with each infection (Fig. 3A) is consistent with the accumulation of similar levels of viral RNA. In plants infected with PVX/C2-GFP, PVX/C2-K 17 D-GFP, PVX/C2-HR 21 DV-GFP, PVX/C2-KK 25 DI-GFP, and PVX/C2-RRRR 31 DVGG-GFP, a single predominant protein with the predicted size (42.1 kDa) of the C2-GFP fusion protein was detected by the GFP-specific antiserum (Fig. 3B, lanes 3 and 6 to 9 ). Free GFP (26.9 kDa) and C2 1-31 -GFP (30.5 kDa) were detected in plants infected with PVX/GFP and PVX/C2 1-31 -GFP, respectively (lanes 2 and 4), but only a trace of C2 17-31 -GFP (28.9 kDa; visible on the original membrane) was detected in plants infected with PVX/ C2 17-31 -GFP (lane 5). C2 17-31 -GFP may be less stable; alternatively, the context around the introduced start codon AUG may not be efficient for translation initiation of C2 17-31 -GFP in plants.
Characterization of the NLS. Virus-infected young N. benthamiana leaf tissues were collected and examined by fluorescence microscopy; representative sections of leaf mesophyll cells are shown in Fig. 4 . Fluorescence was confined in the nuclei of cells infected with PVX/C2 1-31 -GFP, indicating that the N-terminal 31-amino-acid portion, like the entire C2 protein, was able to relocate GFP to the nucleus. Similarly, amino acids 17 to 31 expressed from PVX/C2 17-31 -GFP were also capable of relocating GFP to the nucleus. However, the intensity of fluorescence was much weaker in this case, consistent with the decreased amount of C2 17-31 -GFP detected by Western blotting (Fig. 3B) . GFP fluorescence was also restricted to nuclei of cells infected with PVX/C2-K 17 D-GFP, PVX/C2-HR 21 DV-GFP, and PVX/C2-KK 25 DI-GFP, indicating that none of the five basic amino acids K 17 , 20 HR 21 , 24 KK 25 located between positions 17 and 25 is essential for nuclear localization. However, fluorescence in cells infected with PVX/ C2-RRRR 31 DVGG-GFP occurred throughout the cytoplasm and was indistinguishable from that associated with free GFP, suggesting that the four arginine residues located between positions 28 and 31 contribute to the C2 protein NLS. Effects of NLS mutation on C2 biological functions. Consistent with the accumulation of viral RNA and coat protein production, N. benthamiana plants challenged with the recombinant viruses developed local and systemic symptoms. It has been established that expression of C2 or C2-GFP protein from PVX/C2 or PVX/C2-GFP induces necrosis, a novel phenotype that is not associated with PVX infection of N. benthamiana (40) . A similar necrosis phenotype was produced in plants infected with PVX/C2-K 17 D-GFP, PVX/C2-HR 21 DV-GFP, and PVX/C2-KK 25 DI-GFP (Fig. 5) . Not surprisingly, plants infected with PVX/C2 1-31 -GFP or PVX/ C2 17-31 -GFP only produced local and systemic chlorosis, indicating that other regions of the C2 protein are required for C2-mediated induction of necrosis in plants. Only C2-RRRR 31 DVGG-GFP when expressed from PVX/C2-RRRR 31 DVGG-GFP, which was unable to target GFP green fluorescence into the nucleus, failed to induce necrosis, but instead produced chlorotic phenotypes (Fig. 5) .
The effect of NLS mutation on C2 biological function was further investigated with respect to C2-mediated PTGS suppression. Agroinfiltration of an additional 35S-GFP transgene into transgenic N. benthamiana line 16c plants already containing a functional GFP transgene resulted in silencing of transient and resident GFP expression at the infiltrated sites, followed by systemic GFP silencing in young and noninfiltrated leaves. These tissues showed red fluorescence from chlorophyll rather than green fluorescence (Fig. 6A and B) . However, line 16c GFP plants co-agroinfiltrated with the 35S-GFP transgene and pBinTYLCV-C maintained green fluorescence, indicating that local and systemic silencing of transient and transgenic GFP expression was arrested ( Fig. 6C and D) . The 16c plants developed curling symptoms associated with the TYLCV-C infection, and accumulation of TYLCV-C DNA was readily detectable in systemically infected young leaves (data not shown). In a parallel control experiment, co-agroinfiltration with the 35S-GFP transgene and pBin1.3A, a partial dimer (1.3A) of the DNA A component of African cassava mosaic virus (ACMV), failed to silence transient and transgenic GFP expression. Consequently, 16c plants constantly showed green fluorescence ( Fig. 6E and F) , consistent with the finding that ACMV infection blocked PTGS in plants (44) . Furthermore, no silencing of GFP expression occurred in plants co-agroinfiltrated with the 35S-GFP and 35S-C2 transgenes, while PTGS was still induced in plants co-agroinfiltrated with the 35S-GFP and 35S-mC2 transgenes (Fig. 6G to J) . These data reinforce the finding that the TYLCV-C C2 protein is a PTGS suppressor, concluded previously from PVX-based assay (39) . Our data also suggest that TYLCV-C infection, and indeed the C2 protein, may target an early stage of the process of PTGS induction.
The Agrobacterium-mediated approach has been widely used in assaying the induction and suppression of gene silencing (16) . However, we noticed that induction of local and systemic silencing of GFP in plants was a considerably slow process, and establishment of systemic silencing was frequently incomplete in newly emerging, noninfiltrated leaves 30 days post-agroinfiltration. Alternatively, modified plant viruses provide an efficient and effective system to induce gene silencing in plants and to assay PTGS suppression. Moreover, virus-mediated PTGS induction is often associated with a "recovery" phenotype in plants following initial viral infection. Thus, such virusbased systems are particularly valuable to assess how mutations on a given PTGS suppressor affect its function in suppressing PTGS. Therefore, we chose the PVX-based gene silencing induction system to investigate PTGS suppression by C2 NLS mutants. It should be noted that PVX itself encodes a PTGS suppressor, the p25 movement protein (43) . It may be arguable that even if the PVX suppressor is unable to interfere with silencing suppression in the transgenic N. benthamiana system alone, the PVX suppressor could have synergistic effects with a partially disabled C2 protein. However, considering the functional mode of the p25 protein in preventing spread of the gene silencing signal in N. benthamiana and the possible mechanism involved in C2-mediated PTGS suppression as discussed below, PVX's own suppressor is unlikely to affect the outcome of our experiments.
Line 16c plants challenged with PVX/GFP, PVX/C2 1-31 -GFP, PVX/C2 17-31 -GFP, and PVX/C2-RRRR 31 DVGG-GFP developed systemic symptoms by 7 days postinoculation (p.i), but later recovered and showed only sporadic mosaic symptoms on young leaves. Silencing of GFP expression was apparent approximately 7 days p.i and was almost complete by 15 days p.i, at which time, plants showed no obvious green fluorescence. Surprisingly, transgenic plants infected with PVX/ C2-HR 21 DV-GFP and PVX/C2-KK 25 DI-GFP also recovered from infection, and GFP expression was silenced. Only those plants challenged with PVX/C2-GFP and PVX/C2-K 17 D remained symptomatic and showed no obvious GFP silencing. Consistent with these observations, the levels of recombinant 
DISCUSSION
A C2-GFP fusion protein localizes in plant and insect cell nuclei (40) , consistent with its proposed function in transcriptional transactivation as described for other geminivirus TrAPs (18) . However, an NLS was not characterized, and its contribution to C2 protein-mediated induction of necrosis and suppression of PTGS remained unknown. We now show that C2 25 DI also induced necrotic responses, yet both were unable to suppress PTGS. This implies that necrosis induction and PTGS suppression may follow different pathways, a view supported by a previous report that mutants with CMV 2b protein mutation are defective in pathogenesis but retain normal PTGS suppression activity (26) . As predicted with a computer program (9), the overall secondary structures of the wild-type C2 protein and C2-K 17 D, C2-RRRR 31 DVGG, C2-HR 21 DV, and C2-KK 25 DI are very similar, with the exception of a slight conformation alteration around the mutated amino acids in the cases of C2-HR 21 DV and C2-KK 25 DI. However, only mutant C2-RRRR 31 DVGG failed to target a tagged GFP to nucleus. This mutant was also incapable of inducing necrosis and suppressing PTGS in planta. Mutants C2-K 17 D, C2-HR 21 DV, and C2-KK 25 DI, like the wild-type C2 protein, induced necrosis, and their subcellular localization remained unchanged, although C2-HR 21 DV and C2-KK 25 DI had a loss of function in PTGS suppression. Thus, it is unlikely that the specificity of effects on nuclear localization and biological functions observed in this report is due to the substituted amino acids that would alter C2 protein structures and bring about dysfunction of its activities.
Clearly, our data suggested that the TYLCV-C C2 protein played an important role in virus infection by suppression of the plant PTGS defense mechanism. It should be interesting to test the direct impact of the NLS mutants on their ability to transactivate virion-sense gene transcription, TYLCV-C replication, and infection. However, C2 protein with truncations or 28 RRRR 31 substitution would be highly likely to be lethal to the virus, because nuclear localization is likely required for the transcriptional transactivation function of the C2 protein. The other three point mutations may impose a less drastic effect on the viability of TYLCV-C in plants. Nevertheless, several begomoviruses containing mutated C2 or its homologue, TrAP, were unable to establish systemic infection in plants, although these mutant viruses retained the ability to replicate in protoplasts (18) . TYLCV-C infection, and indeed transient expression of the C2 protein via agroinfiltration, effectively overcame the local and systemic induction of PTGS in plants, suggesting the C2 protein has targeted an early stage of PTGS. Interestingly, the C2 homologue ACMV TrAP has recently been shown to downregulate the production of 21-and 25-nt siRNAs (16) . Similar to TrAPs encoded by other geminiviruses, the TYLCV-C C2 protein is confined to the nucleus, binds zinc, and contributes to sequence-nonspecific DNA binding activity (19, 28, 31, 33, 40, 41) . The work presented in this report and our previous findings (39, 41) suggest that the C2 protein would require the nuclear localization, zinc, and DNA binding activities to establish its proper biological function in PTGS suppression. However, how the process of PTGS suppression triggered by the C2 protein correlates with its diverse biochemical and biological function remains to be elucidated. It is likely that C2-mediated PTGS suppression directly results from interplay between the C2 protein and its plant partner or partners. On the other hand, the C2 protein may involve transcriptional regulation of viral and probably host gene expression as shown for other geminiviral TrAPs (5, 10, 11, 14, 19, 21, 22, (34) (35) (36) (37) . Thus, differential expression of host genes controlled by the C2 protein is another plausible mechanism. However, the C2 protein, similar to other TrAPs, is unlikely a canonical transcriptional activator due to its sequence-nonspecific binding to DNA. In this scenario, a C2-plant proteininteracting complex may need to be formed prior to C2-mediated specific modulation of relevant host gene expression, which would then lead to PTGS suppression in plants.
